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The protective function of the skin is mediated by the
stratum corneum, the outermost layer of the skin,
which is the end-product of epidermal di¡erentiation.
Previously, we showed that fetal rat skin explants com-
plete the late-stage milestones of epidermal develop-
ment when grown in a serum- and growth-factor-free
medium, suggesting that endogenous metabolites could
regulate the late program that leads to barrier forma-
tion. Because a variety of endogenous free fatty acids
are known activators, peroxisome proliferator-activated
receptor a (PPAR-a) is a potential candidate for this key
regulatory role. Indeed, whereas PPAR-a expression is
¢rst noted at gestational day 13.5 and peaks between
days 14.5 and 15.5, fatty acid synthesis is very active in
fetal rodent epidermis peaking at gestational day 17.
Furthermore, we have reported that both epidermal
di¡erentiation and stratum corneum formation in utero
are stimulated by pharmacologic activation of PPAR-a.
This study was designed to test whether PPAR-a plays
a physiologic role in epidermal di¡erentiation and stra-
tum corneum formation in utero. In PPAR-a ^/^ mice
we observed delayed stratum corneum formation be-
tween day 18.5 of gestation and birth. Concurrently,
there was diminished b-glucocerebrosidase activity at
the stratum granulosum-stratum corneum junction
and a modest decrease in both involucrin and loricrin
protein expression, markers of keratinocyte di¡erentia-
tion. Both the number of stratum corneum cell layers
was reduced and the processing of the lamellar bilayers
was delayed in animals lacking PPAR-a, indicating a
transient functional defect. In contrast, the lamellar
body secretory system as well as rates of epidermal
proliferation and cell death appeared normal in PPAR-
a ^/^ mice. These results indicate that PPAR-a plays a
physiologic role during fetal stratum corneum develop-
ment.The transient and incomplete nature of the devel-
opmental delay, however, is consistent with regulation
of the late stages of epidermal development by multiple
factors. Key words: corni¢ed envelope/di¡erentiation/kerati-
nocyte/nuclear hormone receptor/stratum corneum. J Invest
Dermatol 119:1298 ^1303, 2002
M
ost of the protective functions of the skin are
mediated by the stratum corneum (SC), the out-
ermost layer of the skin. The SC mediates pre-
vention of excessive loss of body water, as well
as providing a mechanical shield against
external insults and preventing the invasion of foreign sub-
stances and pathogens (Downing, 1992; Steinert, 2000; Elias et al,
in press). Two main structural components account for
the protective function of the SC, the protein-enriched
lipid-depleted corneocyte and the lipid-enriched extra-
cellular matrix. Extracellular lipid lamellar membranes in the
SC provide a bidirectional barrier to water and electrolyte move-
ment. These lamellar membranes are formed following the secre-
tion of lamellar body contents, containing lipids and lipid
metabolizing enzymes, from stratum granulosum cells into the
extracellular space at the junction between the stratum granulo-
sum and SC (Elias and Menon, 1991). In parallel to matrix
changes, cytosolic protein components, including involucrin and
loricrin, are crosslinked by the enzyme transglutaminase-1 to
form the mechanically resistant sca¡old of the corneocyte, the
corni¢ed envelope (CE) (Steinert and Marekov, 1999), which pro-
tects against mechanical injury and serves as a sca¡old for attach-
ment of the extracellular lamellar matrix, facilitated by an
external coating of covalently bound o-hydroxyceramides, the
corni¢ed lipid envelope (Wertz et al, 1989; Behne et al, 2000). The
combination of a hydrophobic extracellular lipid compartment
with a mechanically resistant protein sca¡old provides a highly
e¡ective layer of protection against both excessive water loss and
external insults (Downing, 1992; Jackson et al, 1993; Steinert,
2000).
The SC attains its permeability barrier capacity, critical for sur-
vival in a postnatal xeric, terrestrial environment, late during skin
development in utero. In humans, the barrier develops by 34 wk of
gestation, whereas in rodents barrier formation is compressed to a
period of approximately 2 d before birth. The SC layer ¢rst
begins to form beneath the periderm layer at about day 17
(Menefee, 1957; Bickenbach et al, 1995), in parallel with a sharp
increase in lipid synthesis and extracellular lipid deposition
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(Aszterbaum et al, 1992; Hanley et al, 1997b), accompanied by CE
protein precursor production and CE formation (Bickenbach
et al, 1995).
Several regulatory factors are involved in the development of
the SC. In the absence of the Kruppel-like transcription factor 4,
mice reveal severely obliterated SC formation to an extent that
life is impossible after exposure to the arid environment at birth
(Segre et al, 1999). Mice overexpressing the tight junction mole-
cule claudin 6 display a fragmented SC and an incompetent bar-
rier resulting in premature death within 24^48 h after birth
(Turksen and Troy, 2002). Classical hormones, including gluco-
corticoids, estrogens, and thyroid hormone, accelerate SC forma-
tion when administered to organ explants in vitro or maternally
during inutero development (Hanley et al, 1996a; 1996b), whereas
testosterone inhibits SC formation (Hanley et al, 1996b). All of
these hormones mediate their biologic e¡ects by activating mem-
bers of the nuclear hormone receptor superfamily of transcription
factors. Yet, fetal skin notably undergoes the complete ¢nal pro-
gram of epidermal development in a timely fashion, even when it
is grown in explant cultures devoid of these factors, suggesting
that endogenous metabolites regulate SC formation.
We have hypothesized therefore that fetal skin itself, through
its late burst in lipid synthesis, could generate endogenous lipid
metabolites that could drive the late stages of epidermal develop-
ment. Likely candidates for such regulators are the liposensor sub-
group of class II nuclear hormone receptors, of which liver
X receptor (LXR) and the peroxisome proliferator-activated re-
ceptor a (PPAR-a) are already known to stimulate epidermal dif-
ferentiation and accelerate fetal skin development (Komuves et al,
1998; 2000; Hanley et al, 1999). Our hypothesis is further sup-
ported by changes in receptor expression during skin develop-
ment. PPAR-a expression is ¢rst observed at day 13.5 of fetal rat
development, peaking between days 14.5 and 15.5, followed by
downregulation during postnatal life (Braissant andWahli, 1998;
Michalik et al, 2001). Moreover, fatty acid synthesis is highly
active in utero, peaking at day 17.5 and decreasing thereafter (Hurt
et al, 1995). Although adult PPAR-a knockout mice reveal no
gross skin abnormalities (Lee et al, 1995), morphologic analysis of
adult PPAR-a ^/^ epidermis reveals a thinned stratum granulo-
sumwith decreased keratohyalin granules, focal parakeratosis, and
a slight decrease in pro¢laggrin and loricrin mRNA and protein
expression (Komuves et al, 2000). As pharmacologic activation of
PPAR-a accelerates SC formation during fetal development, our
experiments were designed to delineate whether PPAR-a regu-
lates SC fetal development under physiologic conditions. To ad-
dress this issue, we raised homozygous PPAR-a knockout and
wildtype fetuses in identical maternal environments, by crossing
heterozygote parent mice. We evaluated various parameters of
epidermal development in the resultant knockout and wildtype
littermates. Our results show that PPAR-a is one, but not the
sole, regulator of the late stages of epidermal development.
METHODS
Animals PPAR-a 7 mice in a mixed C57BL/6 and Sv129 background
were employed in these studies (Lee et al, 1995). These mice were
intercrossed to yield homozygous knockout animals (^/^) and wildtype
controls (þ /þ ) in an identical maternal environment. Pups were
delivered by cesarean section on days 17.5 and 18.5 of gestation or collected
at birth (day 19.5).
Light microscopy Skin sections (6mm) were ¢xed in 4% formaldehyde,
embedded in para⁄n, and stained with hematoxylin and eosin, or used for
immunohistochemistry (see below). Photographs were taken with an
Axiovision 2 Imaging Zeiss light microscope (Jena, Munich, Germany)
using Axiovision software (Zeiss).
Electron microscopy Specimens were pre¢xed in half-strength
Karnovsky’s ¢xative, followed by post¢xation in 1% osmium tetroxide
(OsO4) or 0.2% ruthenium tetroxide (RuO4) as described previously
(Hou et al, 1991). After post¢xation, samples were dehydrated in a graded
ethanol/propylene oxide series, and embedded in an Epon-epoxy mixture.
0.5 mm semithin sections were stained with toluidine blue for sample
orientation and for quantitative assessment of epidermal cell layers,
whereas 60 nm ultrathin sections were contrasted with lead citrate and
assessed in a Zeiss 10 A electron microscope (Oberkochen, Germany)
operated at 60 kV. Two to ¢ve animals per group were examined.
Investigators were blinded for quantitative assessments.
In vivo proliferation and apoptosis assays For identi¢cation of
proliferating keratinocytes, para⁄n sections were stained with a
biotinylated, anti-proliferating cell nuclear antigen antibody (CalTag
Laboratories, Burlingame, CA). The number of nucleated cell layers was
counted on toluidine-blue-stained, perpendicular-oriented semithin
sections. The TUNEL assay was carried out using the in situ Cell
Death Detection Kit from Roche Molecular Biochemicals (Indianapolis,
IN) according to the manufacturer’s instructions, using £uore-
scein isothiocyanate labeled deoxy-uridine 50 -triphosphate.
Immunohistochemistry A⁄nity-puri¢ed rabbit antibodies to
involucrin and loricrin (all from BabCo, Richmond, CA) were used in
this study. The binding of the ¢rst antibodies was detected by biotinylated
antirabbit IgG (Vector Laboratories, Burlingame, CA), followed by ABC
reagent (Dako, Carpinteria, CA). Peroxidase activity was then revealed
with diaminobenzidine (Vector Laboratories), followed by counterstaining
with methyl green. Omitting the ¢rst antibodies resulted in no signal,
indicating the speci¢city of the immunodetection.
In situ zymography b-Glucocerebrosidase activity was assessed using a
modi¢ed in situ zymography method described by Takagi et al (Takagi,
1999). 5 mm para⁄n sections were overlayered with b-glucocerebrosidase
substrate solution (10 mm Resoru¢n b-d-glucopyranoside; Molecular
Probes, Eugene, OR) for 30 min, covered with glass coverslips, and
sealed. Sections then were incubated for 16 h at 41C and viewed with
confocal microscopy (Zeiss, Heidelberg, Germany) at an excitation
wavelength of 568 nm and an emission wavelength of 580 nm.
Statistics Statistical signi¢cances were determined using a Student’s
two-tailed t-test.
RESULTS
Delayed formation of the stratum corneum in PPAR-a ^/^
mice Skin from PPAR-a ^/^ and wildtype littermates
generated from heterozygous intercrosses was employed in these
studies.We ¢rst assessed epidermal morphology on hematoxylin
and eosin stained para⁄n sections. At day 17.5 of gestation, SC
structures could not be detected, in either PPAR-a ^/^ or
wildtype mice (Fig 1, left panel). At this stage of development
the skin was still covered by a thin layer of periderm cells, with
two to three underlying layers of strati¢ed epidermis lacking a
distinct stratum granulosum. By day 18.5 of gestation
corneocytes were present both in PPAR-a ^/^ as well as in
wildtype fetuses. In the PPAR-a ^/^ animals, however, the SC
was thin (see below) and incompletely formed in comparison to
wildtype mice (Fig 1). At birth (19.5 d), the SC of both PPAR-a
Figure1. On light microscopy SC development is delayed in
PPAR-a ^/^ animals at day 18.5 of fetal skin development. Mouse
skin sections (6 mm) were ¢xed in 4% formaldehyde and stained with
hematoxylin and eosin. Photographs were taken with an Axiovision 2
Imaging Zeiss light microscope (Jena). Magni¢cation bars: 32 mm.
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^/^ and wildtype fetuses appeared to contain additional cell
layers, and displayed the basket-weave structure characteristic of
postnatal stratum corneum. The SC of PPAR-a ^/^ animals still
appeared less compact than the SC from 19.5 d wildtype
littermates, however (Fig 1, right panel). These results
demonstrate a delay in SC formation in PPAR-a ^/^ mice
between day 18.5 and birth.
In both PPAR-a ^/^ and wildtype fetuses dense and
homogeneous dispersed keratohyalin granules became detectable
at day 18.5, persisting at birth (Fig 1). The dermis showed
increased cellularity in comparison to adult skin, with distinct
collagen bundles detectable around day 19.5. Between days 17.5
and 19.5 developing hair bulbs increased in size, sebaceous glands
were not clearly distinguishable. No di¡erences were observed in
these features between PPAR-a ^/^ and wildtype animals (Fig 1).
Together, these studies show that there is a delay in SC formation
later in gestation in PPAR-a ^/^ fetuses, whereas the nucleated
cell layers and dermis appear morphologically unaltered.
Decreased stratum corneum cell layers in PPAR-a ^/^
mice We next assessed whether the di¡erences seen on light
microscopy were accompanied by changes at an ultrastructural
level. In agreement with the results obtained by light
microscopy, no SC was observed in PPAR-a ^/^ and wildtype
animals at day 17.5 of gestation (not shown). In contrast, by day
18.5 and at birth (Fig 2) there was a signi¢cant decrease in SC
layers detectable in OsO4 post¢xed tissue in the PPAR-a ^/^
mice versus wildtype epidermis.When the number of SC layers
was quantitated on toluidine-blue-stained semithin (0.5 mm)
sections, wildtype mice displayed 57 0.4 and 7.57 0.5 layers at
day 18.5 and birth, respectively, whereas PPAR-a ^/^ animals
displayed 2.2 7 0.2 and 3.5 7 0.5 layers (p o 0.005 and p o
0.05, respectively). These results show a signi¢cant reduction in
the number of SC cell layers in PPAR-a ^/^ mice late in
epidermal development.
Delayed processing of extracellular lamellar bilayer
membranes in PPAR-a ^/^ mice Assessment of the
extracellular membrane structures of the SC revealed normal
density, internal morphology, and secretory pattern of lamellar
body contents in PPAR-a ^/^ mice (not shown). In contrast,
there was evidence of delayed processing of lamellar bilayers at
the level of the ¢rst extracellular space above the stratum
granulosum^SC interface (arrows between SC-1 and SC-2 in
Fig 3A, B) in PPAR-a ^/^ versus wildtype mice at day 18.5
(Fig 3C), whereas this abnormality was not detectable in the
second or third extracellular space and completely absent in
adult PPAR-a ^/^ animals as reported previously (Komuves
et al, 2000). These results show that processing of the
extracellular, lamellar bilayer system is delayed, whereas the
lamellar body precursors within the nucleated cell layers of the
epidermis demonstrate no morphologic abnormalities.
Lower expression of CE proteins in PPAR-a ^/^ mice We
next assessed a number of known key components for SC
development in PPAR-a ^/^ epidermis. To assess CE proteins in
the absence of PPAR-a, we immunostained skin sections at
various time points during fetal development for two major CE
components, involucrin and loricrin. At day 17.5 of fetal skin
development, there was very faint to absent staining for these
CE proteins in both PPAR-a ^/^ and wildtype mice (not
shown), although loricrin expression was previously reported to
occur as early as day 16 (Bickenbach et al, 1995), which may be due
to the speci¢c staining procedure (antibody properties, tissue
type: para⁄n versus frozen) or di¡erences in the determination
of plug days. At day 18.5 of gestation, the intensity of
immunostaining was dependent on body location, i.e., on back
skin CE protein was more prominent than on ventral skin,
consistent with earlier reports of a patterned formation of the
barrier (Hardman et al, 1998). Focusing on ventral skin, we
observed modestly reduced expression in both loricrin (Fig 4)
and involucrin (not shown) at day 18.5 in the PPAR-a ^/^
animals compared to wildtype controls. These di¡erences in
staining intensity and distribution were less pronounced at birth
(Fig 4, right panel) and in adult murine skin (Komuves et al, 2000).
As previously reported adult PPAR-a ^/^ skin showed a thinned
stratum granulosum with fewer keratohyalin granules and focal
parakeratosis (Komuves et al, 2000). These results demonstrate a
modest decrease in key CE proteins in PPAR-a de¢cient mice
and, further, they con¢rm the previously reported development
Figure 2. Electron microscopy reveals decreased number of SC layers in PPAR-a ^/^ animals. SC layers were assessed on ultrathin sections fol-
lowing OsO4 post¢xation. Photographs were taken from fetal skin at gestational day 18.5. pd, periderm.Magni¢cation bars: 0.5 mm.The number of SC layers
was counted on toluidine-blue-stained semithin sections. Data are presented as mean7 SEM; n¼ 3^5 (animals); nnpo 0.05, nnnpo 0.005.
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of competent CE structures in a patterned fashion, i.e., back
epidermis precedes ventral epidermal development later in fetal
life (Hardman et al, 1998).
Decreased b-glucocerebrosidase activity in PPAR-a ^/^
mice In addition to the generation of corneocytes, SC
development requires formation of extracellular lipid
membranes, a sequence that requires lipid hydrolase activity.
One of these enzymes is b-glucocerebrosidase, which catalyzes
the degradation of glucosylceramide to ceramide, a critical step
in the formation of the extracellular lipid bilayers (Holleran et al,
1993).We have previously reported that in developing rat skin this
enzyme increases 5-fold between day 17 of gestation and birth
(Hanley et al, 1997b). Therefore, we next examined the in situ
activity of this enzyme in PPAR-a ^/^ versus wildtype animals
by in situ zymography. Intercellular staining at the lower SC and
stratum granulosum^SC interface (arrows) was decreased in
PPAR-a ^/^ animals compared to wildtype animals (Fig 5). The
decreased staining was due to lower activity per tissue area rather
than to decreased numbers of cell layers.These results suggest that
one of the main enzymes known to be involved in SC
maturation is decreased in PPAR-a ^/^ animals in comparison
to wildtype controls.
Rates of epidermal proliferation and cell death do not di¡er
in PPAR-a ^/^ versus wildtype mice The formation of
the SC is the end-product of the highly controlled process
of epidermal homeostasis, which balances keratinocyte
proliferation, di¡erentiation, and programmed cell death. Thus,
we next assessed whether there is an imbalance of epidermal
homeostasis in the absence of PPAR-a. Proliferating cell nuclear
antigen staining for proliferating keratinocytes did not reveal
any signi¢cant di¡erences in frequency of mitotically active
keratinocytes between PPAR-a ^/^ and wildtype mice (not
shown). Accordingly, assessment of the number of nucleated
epidermal cell layers on toluidine-blue-stained semithin sections
also revealed no signi¢cant di¡erences (Fig 2). Furthermore, the
rate of keratinocyte cell death, evaluated using the TUNEL assay,
was indistinguishable between PPAR-a ^/^ and wildtype
animals (not shown).
DISCUSSION
The SC consists of two main compartments, the extracellular
matrix with its lipid-enriched, lamellar bilayers and the corneo-
cytes highly enriched in structural proteins. Fetal skin develop-
ment requires the coordinated formation of both compartments.
The extracellular lipid bilayers are formed through the secretion
of lamellar body contents containing lipids and lipid metaboliz-
ing enzymes from stratum granulosum cells. Accordingly, there is
an increase in lipid metabolizing enzymes in the SC, i.e., b-glu-
cocerebrosidase, during the ¢nal stages of fetal skin development
(Hanley et al, 1997b). In parallel, CE proteins, i.e., involucrin and
loricrin, are deposited on the inner cell membrane late in fetal
development (Bickenbach et al, 1995). Yet, the factors that regulate
the coordinate formation of the two compartments are still lar-
gely unknown.
Figure 3. Processing of extracellular, lamellar bilayers is delayed,
but the lamellar body secretory system is normal in PPAR-a ^/^
animals. (A), (B) There is a delay in processing at the ¢rst extracellular
space outside the stratum granulosum^SC interface in PPAR-a ^/^ mice
at day 18.5. Abnormal processing of secreted lamellar body contents into
bilayer structures is indicated by arrows. (C) Stretches of intact, normal-ap-
pearing bilayers are present (arrowheads) in the SC of PPAR-a +/+ mice.
RuO4 post¢xation. SG, stratum granulosum. Magni¢cation bars: 0.5 mm.
Figure 4. Corni¢ed envelope protein expression is modestly re-
duced in PPAR-a ^/^ animals. Loricrin expression was assessed by im-
munohistochemistry on skin of day 18.5 fetuses (left panel) and at birth (right
panel) as described in Methods. The micrographs shown were taken from
ventral skin of the fetuses comparing PPAR-a ^/^ mice to wildtype mice
(+/+). Magni¢cation bars: 16 mm.
Figure 5. b-Glucocerebrosidase activity is diminished in PPAR-a
^/^ animals. Skin sections from day 18.5 pups were overlayered with b-
glucocerebrosidase substrate solution (10 mM Resoru¢n b-D-glucopyra-
noside), incubated for 16 h at 41C, and visualized with confocal microscopy.
The left panel shows PPAR-a ^/^ skin and the right panel skin from a wild-
type mouse (+/+). Magni¢cation bars: 90 mm.
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PPAR-a is a nuclear hormone receptor that is activated by free
fatty acids. The epidermal synthesis of fatty acids is required for
the formation of the extracellular lipid bilayers, and previous stu-
dies by our laboratory have shown that fatty acid synthesis in the
epidermis is very active during epidermal development of rodents
with highest activity at gestational day 17 (Hurt et al, 1995; Hanley
et al, 1997b; 1997c). In parallel, PPAR-a mRNA expression has
been detected as early as day 13.5 of gestation, peaking between
days 14.5 and 15.5 (Braissant andWahli, 1998; Michalik et al, 2001).
The activation of PPAR-a by selected, endogenous fatty acids
stimulates the expression of several key proteins required for
di¡erentiation of keratinocytes, including involucrin, loricrin,
pro¢laggrin, and transglutaminase. Further studies have shown
that the increase in involucrin transcription occurs through trans-
activation of a distal AP-1 site in the promoter (Hanley et al,
2000). Mutation of the AP-1 site (at ^2116 to ^2110) in the promo-
ter of involucrin abolishes the ability of PPAR-a activation to in-
crease involucrin expression.When added to fetal skin explants or
directly administered into the amniotic £uid, compounds that ac-
tivate PPAR-a both increase the expression of keratinocyte di¡er-
entiation markers and accelerate formation of the SC and the
permeability barrier (Komuves et al, 1998; 2000; Hanley et al,
1999). Thus, we have hypothesized that the local synthesis of fatty
acids by activating PPAR-a could regulate the coordinate forma-
tion of the extracellular lipid bilayers and the corneocytes during
fetal development. The fact that full development of rat skin ex-
plants occurs in serum- and growth-factor-free medium and can
be accelerated by pharmacologic PPAR-a activation supports this
hypothesis (Hanley et al, 1996a; 1996b).
In this study the absence of PPAR-a during fetal skin develop-
ment results in delayed SC formation between day 18.5 of fetal
skin development and birth (Figs 1, 2), which highlights the im-
portance of endogenous, physiologic PPAR-a activation. Con-
currently, there was diminished b-glucocerebrosidase activity
coupled with ultrastructural evidence for delayed processing of
lamellar bilayers in the lower SC (Fig 5). This processing ab-
normality along with the decreased number of SC layers result
in a shortened SC permeability di¡usion path length (Potts and
Francoeur, 1990), suggesting that a functional abnormality is pre-
sent. In contrast, lamellar body number and morphology as well
as epidermal proliferation and cell death were not di¡erent in fe-
tal PPAR-a ^/^ versuswildtype mice and the CE proteins loricrin
and involucrin were modestly reduced in PPAR-a ^/^ animals
compared to wildtype control (Fig 4). Together, these results in-
dicate that PPAR-a plays a physiologic role during fetal SC de-
velopment.Yet, the transient nature of the delay in SC formation,
which was mainly observed between day 18.5 and birth, and the
fact that adult skin of PPAR-a ^/^ mice only displays subtle ab-
normalities in SC morphology, indicate that PPAR-a is not abso-
lutely required, and that other extracutaneous and/or endogenous
factors can compensate for the absence of PPAR-a. Therefore, it
seems likely that multiple factors act in concert in the regulation
of SC formation.
Several members of the class I and class II nuclear hormone
receptor families of transcription factors, when pharmacologi-
cally activated, have been implicated in the regulation of fetal
skin development (Fig 6). Treatment of fetal skin explants and
the systemic maternal administration of glucocorticoids, estro-
gen, or thyroid hormone accelerates the formation of the SC dur-
ing fetal development, whereas androgen receptor activators
delay SC formation (Hanley et al, 1996a; 1996b). Additionally, ac-
tivation of LXR and PPAR-a (Komuves et al, 1998; 2000; Hanley
et al, 1999) accelerates SC formation in fetal skin explants in vitro.
Yet, as observed in this study, the lack of individual nuclear hor-
mone receptor impair fetal epidermal development only transi-
ently. Glucocorticoid de¢cient mice display a thinned SC with
incompetent lamellar structures at day 17.5 (Hanley et al, 1998),
but at birth both knockout and wildtype animals exhibit normal
mature SC. Similarly, hypothyroid (Hyt/Hyt) mice show a tran-
sient delay in fetal SC formation, which normalizes at or shortly
after birth (Hanley et al, 1997a). In this study, we demonstrate that
the absence of PPAR-a during SC development results in e¡ects
similar to those that are observed in glucocorticoid or thyroid
hormone de¢cient mice; i.e., SC formation is delayed but ulti-
mately a relatively normal SC forms, indicating that there are re-
dundant regulatory networks in place.
As opposed to the classic hormones, the endogenous ligands
for PPAR-a are not known. Therefore, by using the PPAR-a
^/^ mouse model, this study demonstrates for the ¢rst time that
still unidenti¢ed endogenous factors, presumably fatty acid meta-
bolites acting through PPAR-a, are critical for fetal SC develop-
ment (Fig 6). This study also suggests that multiple nuclear
hormone receptors can regulate the fetal development of the SC
and the absence of a single nuclear hormone receptor pathway
does not result in major abnormalities. Thus, alternative regula-
tory mechanisms can compensate for the absence of thyroid, glu-
cocorticoid, or PPAR-a, indicating that there is redundant
signaling by nuclear hormone receptors in the regulation of SC
development.
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